Context. SN 1987A in the Large Magellanic Cloud is close enough for a study of the very late time evolution of a supernova and its transition to a supernova remnant. Nearly two decades after explosion we are witnessing the supernova shock wave engaging the inner circumstellar ring, which had been fluorescing since being ionised by the soft X-ray flash from shock breakout.
considered to be inward protrusions of the ring (Sonneborn et al. 1998; Michael et al. 1998 Michael et al. , 2000 Michael et al. , 2002 Pun et al. 2002) . The X-ray emission started to increase as well (Park et al. 2004 (Park et al. , 2006 Haberl et al. 2006) . The detection of coronal lines in the optical spectra from 2002 indicates that the ring material is shocked to a temperature of 2 × 10 6 K , consistent with the X-ray spectra .
The physics of the interaction is highly complex because of the nature of the circumstellar medium of SN 1987A (Chevalier & Dwarkadas 1995; Lundqvist 1999 ).
Here we present spatially resolved spectroscopy of the inner circumstellar ring from science verification observations with SINFONI on the VLT. Integral field spectroscopy yields both imaging and spectroscopy, which allowed us to trace the shock interaction in spatially separated emission sites around the ring. The approaching and receding sides can be separated very clearly in several emission lines and we are able to study the ring dynamics.
The optical and IR provide, together with the UV and X-rays, the most important diagnostics of the temperature, density, and ionisation of the shocked gas. Therefore, the data presented here should be seen as a complement to the high resolution optical and UV spectroscopy presented in Gröningsson et al. ( , 2007 and Pun et al. (2002) , as well as the X-rays by Zhekov et al. (2005 .
Observations and Calibration
We use SINFONI Science Verification observations of SN 1987A carried out on 28 and 29
November 2004 (day 6488, preliminary results were published in Gillessen et al. 2005) . Integralfield spectroscopy was obtained in J (1.11-1.35 µm), H (1.49-1.79 µm) and K (1.99-2.38 µm) bands.
The observations were AO supported using Star 3 as the reference source. We have not deconvolved the images, since deconvolving extended sources is unrealiable (Davies 2007) . The pre-slit optics for SINFONI allows to chose different widths of the image slicing, which then leads to different fields of view on the sky. SN 1987A was observed with two different spatial resolution settings.
The primary data in J, H, and K were obtained with a spatial resolution of 250 mas/spaxel and thus with a field of view of 8"×8". In J we also obtained an observation with a spatial resolution of 100 mas/spaxel and a field of view of 3"×3" (denoted as J100 in the following). All single integrations were 600 seconds and Table 1 displays the total integrations per setting. When several integrations were obtained the individual exposures were offset by sub-spaxel spacings to improve the spatial resolution. The exposures were separated by sky exposures of equal integration time in an ABBA sequence.
The sizes of the spaxels for the observations are 250 mas × 125 mas (and 100 mas × 50 mas for J100). In the K-band images the final image quality is superior to the J and H band due to better seeing and sampling. This can been seen in Figure 1 , which shows the images (collapsed cubes) for the different bands. In the final combined data cube the spaxels are square and have the sizes 125 mas × 125 mas (50 mas × 50 mas for the J100). The ring is fully resolved in all bands. Using the stars in the FOV of the collapsed images we measure an image quality (values listed in Table 1 ).
The image quality measurement combines seeing, the AO correction and any smearing/dithering in combining the final cube. The image quality is in particular important in estimating reasonable sizes of spectral extractions (apertures). The data have been reduced and recombined into data cubes using the SINFONI pipeline (Schreiber et al. 2004; Modigliani et al. 2007 ). We crosschecked the wavelength solution with the atmospheric OH lines (Rousselot et al. 2000) and the resulting wavelength calibration is accurate to 8×10 −5 µm, 7×10 −5 µm and 7.5×10 −5 µm, in J, H and K, respectively. This corresponds to systematic velocity uncertainties of 19 km s −1 , 12 km s −1 , and 11 km s −1 , as listed in Table 1 .
We dereddened the spectra using the galactic extinction law from Cardelli et al. (1989) , assuming R V = 3.1, and E B−V =0.16 (Fitzpatrick & Walborn 1990) for the color excess towards SN 1987A, based on E B−V =0.10 from the LMC and E B−V =0.06 from the Milky Way (Staveley-Smith et al. 2003) . The differences between the LMC and galactic extinction law are negligible at low color excess in the near-IR.
The standard stars were observed directly before or after the supernova and have been used to remove the telluric features. We used the standard stars to construct a sensitivity curve and derive the flux calibration, based on their measured magnitudes from the 2MASS catalogue (Cohen et al. 2003) . In this way the whole data cube had the same flux calibration, and we could derive calibrated spectra for Stars 2 and 3 as well. To test the absolute flux calibration we compared the spectrum of Star 2 (a B0V star NW of the SN, Walborn et al. 1993 ) with the blackbody curve of a star with R=8.3 R ⊙ and T e f f =22500 K at the distance of 50 kpc. The derived flux differences are of the order of 10% and are listed as ǫ Flux in Table 1 . For the J100 observations we calibrated the flux using Star 3, since Star 2 is not in this smaller FOV. As Star 3 is variable we used the observed values of Star 3 in the J250 to cross correlate the value. The total flux from Star 3 observed in J100
was 4% different from the total flux from Star 3 obtained from J250 using the same aperture in arcseconds. We combined the two J observations into one spectrum weigthing the spectra with the exposure time. The flux error estimate for this combined spectrum is of the order of 2%. We do not think that any emission contamination from the ring will influence the result beyond the 10% we find as the accuracy of the flux.
Results
Because the data format is 3-dimensional (spatial, spatial, and wavelength) it is possible to integrate spectra over different spatial regions. Generally, it is only correct to compare line fluxes with respect to other line fluxes, where the number of co-added spaxels, i.e. the aperture, is the same. In order to compare with previous data we summed up the circumstellar ring and the ejecta (which corresponds to 281 spaxels co-added for the 250 mas data cubes). We extracted the spectrum in a similar way for the J100 observations and scaled this spectrum to the J spectrum before we combined the spaxels into a single spectrum.
We chose to scale the J100, because the aperture for the J band is easily compared with the ones of the H and K bands, which were observed with the same spatial scale. This spectrum should be comparable with earlier spectra of SN 1987A after a slit correction. We will refer to the spectrum extracted this way as the 'integrated spectrum' and it is displayed in Figure 2 . We also show a Fig. 2 . The integrated spectrum of the ring and the ejecta. The sky spectrum is shown offset below the SN ring spectrum. Note that the flux of the sky spectrum has been scaled down to make the spectrum fit in the same figure as the object. The line identifications are given in Table 2-4. sky spectrum offset below the 'integrated spectrum'. This sky spectrum should be seen as a help to estimate where the more noisy regions are located in wavelength. The intensity of the various skylines cannot be directly compared with the integrated spectrum due to differences in aperture.
A very weak continuum flux can be discerned in the spectrum at (2 − 3) × 10
The consistency of this continuum in all three bands makes us believe that it is real. The origin of The lines marked with † have been observed previously for this object in Meikle et al. (1993) .
The lines marked with * are new for this object or have a new identification.
this continuum is not clear, but it could come from large scale emission in the region. If it does indeed emerge from the ring system itself then it could be a weak H/He continuum. Most likely the continuum is a combination of several emission origins, and it is at the moment not possible to distinguish between them.
The detected lines from the spectrum are listed in Tables 2, 3 and 4. The weakest lines we have been able to securely identify are those with a flux above 3×10 −16 erg s −1 cm −2 . In the tables λ obs denotes the observed wavelength, λ air is rest wavelength in air for the line transition listed under 'Identification'. The heliocentric velocity of a given line is listed in column v obs and calculated as the velocity shift between the observed wavelength and the rest wavelength for the identification and then corrected for heliocentric velocity. σ obs is the observed FWHM of the line and σ deconv refers to the FWHM for the line corrected for the instrument resolution (σ deconv = σ 2 obs − σ 2 instr ). The integrated flux for the line is measured by fitting a Gaussian to the line shapes and listed in the column labelled 'Flux' in the tables. We chose to ignore unresolved narrow lines, which we could identify as residue sky subtraction lines using the OH line catalogue of Rousselot et al. (2000) . Since we have a 3D data format we could investigate the spatial extent of each line in the integrated spectrum and check whether the line originated at a particular point in the object or whether it has a coherent appearance across the ring/ejecta. This is a very effective way to check for artefacts, such as hot/bad pixels. All observed values are integrations over the whole ring.
We have used the NIST Atomic Spectra Database Version 3.1.0. (Martin et al. 2003) The transition probability for Br14 alone fits with the flux. Si  identification tentative. The lines marked with † have been observed previously for this object.
did not correspond to any of the mentioned elements using the NIST database version 3.1.0, which is not necessarily complete for these elements and all their ions. The accuracies of the wavelengths in NIST are implied by the number of significant figures.
For the [Fe ] and H  lines we have verified the identification by checking line ratios using the line transition probabilities from Nussbaumer & Storey (1988) and the NIST database. The broad component in the H-band (Table 3) The lines marked with † have been observed previously for this object.
The lines 2.24-2.32 µm were observed in Meikle et al. (1993) as a blended unidentified feature.
our J observations they are not discernible. The two lines are located in a noisy region of the Jband especially when compared with the H-band region around the 1.644 µm line. This point can hopefully be resolved with higher signal to noise data.
When the identification transition in Tables 2-4 is preceded with a dagger ( †), this transition has been observed previously and was identified by Meikle et al. (1993) or Fassia et al. (2002) .
Generally, the ring lines are now brighter than for those observations, as expected if the shocked component dominates the narrow component from the unshocked ring. With the higher spectral resolution of SINFONI we can now resolve some previously blended lines. However, there remain blends for lines with a true separation of less than 150 km s −1 . We mark newly identified lines with an asterisk (*) in the tables.
From HST spectroscopic observations (Pun et al. 2002) and our ground-based high-resolution spectroscopy (Gröningsson et al. , 2007 , we know that the ring-ejecta system at the moment contains three different velocity components. There is the narrow component (NC), which displays a nearly Gaussian velocity distribution, with σ ∼ 10 km s This is also an indication on the faintness of the ejecta 17.8 years after the explosion. The ejecta spectrum is now dominated by energy input from 44 Ti (Fransson & Kozma 2002; Bouchet et al. 2004 Bouchet et al. , 2006 .
Ring Emission
We assigned an azimuthal angle for each position on the ring, defining North as zero degrees, and increasing the angle through East. Figure 5 shows the size of the extractions and their corresponding positions and azimuthal angles. 6 ). Therefore we conclude that the emission is not only scattered emission from Spot 1. Given the accuracy of this data set we cannot definitively exclude contamination. Following the thorough discussion of the shocks in Pun et al. (2002) we think that the broad emission in the ring emerges from the reverse shock, which would be bluer in the North part of the ring due to the inclination of the ring with respect to the line of sight, which is consistent with our observations. Again, a deeper, high signal to noise observation would solve this question.
The broad line is only pronounced on the Eastern side of the ring. This East-West asymmetry has also been observed in X-rays and radio most recently in Park et al. (2006) and Manchester et al. (2002) , respectively. The X-ray and radio emission is thought to emerge from the same region as the IR behind the shock front as the material cools down. We see also an East-West asymmetry with the intermediate lines, in that the Eastern side is brighter than the Western (see Fig. 10 ).
Whether the East-West asymmetry is due to asymmetric ejecta outflow or differences in the density of the circumstellar matter (protrusions) is still an open question, which integral field spectroscopy observations of the reverse shock would shed light on. Since the hot spots primarily first appeared on the Eastern side we could also be witnessing spot evolution. This is a question which will be addressed in an upcoming paper which presents a higher spatial resolution data set for the epoch 2005.
The Circumstellar Ring
The emission lines from the circumstellar ring are a complex combination of different emission sites. With the shock moving into the ring material an outward acceleration of the shocked material is expected, and hence a difference in the projected radial velocity shift around the ring should be observed. However, Michael et al. (2000) and Pun et al. (2002) showed that there are oblique shocks along the protrutions and the velocity field is a combination of material accelerated not only radially forward. The SINFONI data cube can be used to explore the velocity structure of the ring. We assigned an azimuthal angle for each position on the ring, defining North as zero degrees, and increasing the angle through East. The resolution in angle is then set by the spatial resolution.
For each angle we coadded a spectrum with the angular position as the center and the radius of the order of the image quality. In this sampling two neighbouring extracted spectra therefore have many spaxels in common and are correlated (cf. Fig. 7) . The radius of the extraction circle was 3 spaxels for the 250 mas resolution (radius of 0.375") and 5 spaxels for the 100 mas resolution (radius of 0.25"). We have here chosen the radius to be of the order of the image quality listed in Table 1 , for the different observations. The left panel of Figure 7 shows the extracted spectrum Only extractions with a distance of more than twice the integration radius are truly independent of each other. For J, H, and K the radius was 3 spaxels, which corresponds to a separation of 6 spaxels (0.75"), and 14 spaxels for J100 (0.7").
The emission lines in Fig. 8 are all dominated by the intermediate component, coming from the shocked ring material. This is clear from the fact that the velocity of the lines differs by a large factor from the expansion velocity of the narrow lines, ∼ 10 km s −1 . It is evident from this figure that the line centers of the northern part of the ring are blue shifted, while the southern part is red shifted. This is as expected for an expanding circular ring with the Northern part tilted towards us.
From HST imaging Panagia et al. (1991) find an inclination angle i=42.
• 8 ± 2.
• 6 with respect to the plane of the sky (see also Sugerman et al. 2005) . The theoretical line of sight velocity, v r , for a circular ring, uniformly expanding with velocity v exp , and tilted with respect to the plane of the sky with the angle i, is
Here ψ is the azimuthal angle of the ring segment, defined with ψ = 0 for North. The phase shift, φ, is introduced to account for the offset of the major axis of the ring from the East-West direction and can be interpreted as a rotation of the ring out of the plane of the sky.
The observed velocity shift at a given angle is a complex convolution of the individual shock velocities at this point and the geometry. A simple model of the line profile of an individual spot was given in Pun et al. (2002) . The key point of this model is that the shock velocity is likely to vary along the surface of the hot spot depending on the angle between the surface and the impacting blast wave. The highest velocities are therefore expected for a head on collision, while the tangential impacts result in lower shock velocities. Furthermore, the gas velocity, in the reference system of the shock, decreases behind the shock as the gas cools. For the observer at rest, the hot gas velocity behind the shock is 3V s /4, while that of the radiatively cooled gas is V s . The peak velocity at a given angle therefore depends on the shock velocity which dominates the contribution to a given line. It is therefore important to realise that the peak velocity we measure is only a weighted average of the emissivity of a given line. This is then modified by the angle of the gas velocity to the line of sight.
This can clearly be seen in the VLT/UVES observations, which provide line profiles with much higher spectral, but lower spatial resolution (Gröningsson et al. , 2007 . A simplistic way to derive the bulk velocity of the material, i.e. the center of rest for the ring, would be to determine the 'nodal' points (ψ = 90
• and ψ = 270
• ), where the expansion velocity is orthogonal to the line of sight. Inspection of Fig. 8 immediately shows that the two velocities are not identical at these angles for the various lines. We find that for Paβ, Brγ and He  v r (90
km s −1 and v r (270 • ) = (275 ± 3) km s −1 . For a perfect circular ring tilted out of the plane of the sky the radial velocity should vanish at points exactly 180
• apart and these points indicate the bulk velocity of the material. We have marked the two points where this happens in Fig. 8 . The mean bulk velocity is measured at a slightly different angle ψ + φ = 81 • ± 9
• and ψ + φ = 261
• ± 8
• with a bulk velocity of (280±7) km s −1 . This means that the offset angle is φ = −9 • ± 7
• . This position of the major axis agrees well with that found by Sugerman et al. (2005) (PA= 81.
• 1 ± 0.
• 8) using imaging of light echoes and modelling the shape of the all the matter around the supernova.
Our determination is not weigthed by intensity and rather than having single points we make a dynamical map of the whole ring. The influence of the different hot spots or the contamination by Star 4, which is directly superposed onto the inner stellar ring, appear negligible. We have marked the location of Spot 1 and Star 4 in the diagram and there are no clear deviations from the overall behaviour at these two points. The derived velocity of the ring of (280±7) km s −1 agrees with other results of 286.5 km/s (Gröningsson et al. 2007; Meaburn et al. 1995; Crotts et al. 1995; ).
Another result concerns velocity of the shocked ring material after passage of the shock. As we discussed above, the peak velocity is a function of the geometry of each shocked spot, as well as the direction of the ring plane to the line of sight. We can, however, use the geometric information above to find the deprojected, average shock velocity around the ring. Assuming an inclination angle of i = −42 • .8, and a systemic velocity of 286.5 km s −1 we have calculated the expansion velocity and binned the datapoints in Fig. 9 . We derive from this a mean velocity around 90 km s −1 . We expect the flux of H and He to increase around the ring as the hot spots evolve.
We will determine the evolution of the fluxes, as well as the velocity, around the ring in our next paper with epoch 2005 SINFONI data.
Summary
The supernova shock interaction with the inner circumstellar ring around SN 1987A is in full swing.
Our integral-field observations have revealed the extent of individual emission lines around the ring. we have cut the data where the uncertainty was larger than the velocity measurement. In the deprojection we assumed a systemic velocity of 286.5 km/s.
From the high-resolution optical spectroscopy of the coronal lines from UVES ) and the soft X-ray component , we know that the shock is heating the ring material to very high temperatures. The material behind the shock is cooling rapidly, and the temporal evolution of the lines will tell us more about the conditions in these post shock areas.
Our SINFONI Science Verification data only show the strongest lines and we are now investigating deeper integrations from a year later. The comparison of individual lines will be reserved for a later paper.
Our data are still consistent with a circular ring, and we have derived an average recession velocity, which agrees with other measurements. Yet, we find that there are significant differences of the velocities around the ring, with the eastern part showing larger velocities than the western segment. This corresponds well with the increase in surface brightness seen in both the radio observations (Manchester et al. 2002) , Chandra observations (Park et al. 2006 ) and the appearance of Spot 1 in the East Pun et al. 2002; Sugerman et al. 2002) . By now the ring has been lit up in spots rather evenly spaced around the ring, which we also observe in the emission lines of H and He.
From the velocity shift of the lines we find an average velocity of ∼ 100 km s −1 for the bulk of the H and He emitting shocked gas. We emphasise that this is just the average velocity, and considerably higher velocity shocks are present, as is directly evidenced by the UVES observations (Gröningsson et al. , 2007 . The emission from the supernova itself has faded continuously. Today it is mostly the radioactive decay of 44 Ti and reverse shock interaction, which powers the emission from the ejecta. With the integral-field spectrograph we can actually spatially isolate the ejecta emission from the ring emission. The only clear line we detect from the ejecta is [Fe ] 1.644 µm with a width of about 3400 km s −1 . This is consistent with the radioactively and reverse shock heated ejecta seen in Hα, Ca II and Mg I (Smith et al. 2005; Gröningsson et al. 2007 ). Deeper observations are likely to detect more lines, as well as the broad wings from the reverse shock in the H and He lines. An advantage of the IR lines is that the [Fe ] lines are less blended than in the optical spectrum.
Monitoring the transformation of SN 1987A into a supernova remnant is a unique opportunity.
It is the only such object in which we can directly observe this event while simultaneously resolving the interaction region. The structure of the circumstellar ring has been a puzzle since its discovery when it was ionised by the SN soft X-ray flash. For a complete picture we need to monitor this transition at all wavelengths. The SINFONI observations we are obtaining are unique in that they allow us to spatially investigate the emission sites around the ring and infer the local conditions of the interaction.
